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Abstract—The electromagnetic fields of a transient traveling 
wave current on a straight wire segment are calculated directly 
in the time domain. Retarded potential theory is used to estab- 
lish an impulse response valid in both far and near zones. A 
closed-form expression for the field due to a rectangular current 
pulse is obtained, and corresponding plots are given. Compari- 
son with experimental data reveals close agreement. A formula 
for far-zone radiation from an arbitrarily shaped wire is devel- 


oped; results for a proposed directive antenna geometry are 
presented. 


I. INTRODUCTION 


RANSIENT fields produced by traveling-wave currents 

on linear antennas have become an increasingly impor- 
tant research topic [1-7]. Most work (see, for example, [8]) 
is done in the frequency domain with transform techniques. 
Although this type of approach gives accurate solutions, it 
seems to obscure the physical pictures available in a purely 
time-domain analysis. 

In this paper, the time-domain impulse response of a 
straight wire supporting a traveling-wave current is obtained 
via a potential theory, and the superposition concept yields an 
expression for general excitation. Moreover, the dielectric- 
coated wire with current wave velocity less than c is treated. 


A closed-form solution is obtained for the rectangular pulse 
response. 


II. GENERAL FIELD OF A STRAIGHT WIRE 


Consider a transient traveling current wave on a straight 
wire (Fig. 1). Assume the current arises at point z = @ and 
is completely absorbed at z = b after traversing the wire. If 
the wire is thin, the current wave can be modeled using 


J(7, t) = 28(x)8(») I(t — z/v)[u(z — a) -— u(z- b)] 
(1) 


where v is the wave velocity along the wire, J(f) is the 
current waveform, and u(t) is the unit step function. The 


retarded vector potential at an observation point in free space 
is then 


J(?, - R/c) dy’ (2) 


A = (19/4) [ 


V 
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Fig. 1. Transient traveling current wave on a straight wire and local 
coordinate system. 

where R = | F—7|, whereas A is related to scalar poten- 


tial @ through the Lorentz gauge 


VA = —po€99¢/dt. 


(3) 
The resulting electric field is 


E = —Vo - 0A /at. (4) 

The field can be calculated using time-domain superposi- 
tion. Replacing J(t) with 6(t), the dirac delta function, gives 
the electric field impulse response E"(7, t). The field due to 
a general waveform /(f) is then given by the convolution 


t = 
/ I(t) E'(?F,t - t’) dt’. 


—o 


(5) 


Using (2), the vector potential impulse response is calcu-’ 
lated as 


AYF,1) = (ng /4n)2 [a G(e]e(z) ae” (6) 


a 


where G(z’) = t — z’/u — R/c, and g(z) = 1/R. Mak- 
ing a change of variables u = G(z’) gives 


G(a) 


At = ~(uo/4x) |“ 8(u)F[G-'(w)] au (7) 


G(b) 
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where F(z’) = g(z)/G(2), and Gz) = 6G(z9/@z’. 
This leads to 


At = (tip 4) ~F|G~'(0)] for G(b) <0 = G(a) 
0 otherwise 

(8) 

where G(a) = t~ a/v -R,/c, Gib) =t- b/v - 


R,/c, R,=[p? + (z- a}, and R, = [p? + (z- 
b)*]'”. (Note that p is the cylindrical coordinate radial 
variable.) Here, G~1(0) is the value Zo, which satisfies 
G(Zo) = 0, or 

zg = (1/m?)[(vt — n?z) + nD] (9) 
where D? = (vt — z)? + p’m’, m’=1-n’, and n= 
u/c. Substituting this value gives F(zj) = v/[—Rp + Wz 
— Z4)], where Ry = R(z4). Using Gz) = ¢ — zg /¥ - 
R,/c = 9 yields 


> 
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where 7, = a/v, and 7, = b/v. Note that the vector poten- 
tial exists only within a time window dictated by the current 
wave transit time, and the propagation delay from the wire 
ends. 

The scalar potential is determined by substituting (11) into 
(3). Taking care to properly evaluate step function deriva- 
tives results in the impulse response 


™ ((nD) '- [nv = (z= a)/R,| 


-[(a+nR,-z) + ptm |" \u(t - T,- R,/c) 
= 2 (nb) —[n-! = (z= b)/Ro] 
[(b-+ mR, - 2) + 2m] u(t - T, — R,/c) 


(12) 
where 7 is the free-space intrinsic impedance. 
Using (11) and (12) in (4) gives the electric field impulse 
response 


¢ 
EB’ = - u(t - T, — R,/c)\ mm 
T 


” 


c 
out T, — R,/c)\ m 


R,[ v(t — T,) cos 0, — Ral ~ 6,v(t — T,) sin 6, R, 
372 2 
{[o(e — T,) — R, cos 6,)° + mR? sin? 84} Ry 
R,[ v(t — T,) cos 9, — Rp] — 6,v(t — T,)sin8, R, 
3/2 pe 
x {[u(t- T,) - R,cos6,]° + mR; sino} Ry 
nsin@é, 


ete TRO) 


nsin 6, 
4a 


F(z) = +v/D. (10) 


Since D is always positive, the minus sign must be chosen in 
(10) so that the vector potential (8) is in the same direction as 
the current. Putting (10) into (8) then gives the vector 
potential impulse response 


A‘ a (nov /4a D)[u(t = ae 7; R,/c) 
—u(t-—T,—-R,/c)| (1) 


nsin 6, 


R (1 — ncos §@,) 


J» 


Here, conversion from global to local coordinates is given 
through 


| ade Eo Tate Rial aa — ncos 6,) 


=R, ,Cos0, ,»— 94, sin F, 


ND 


(14) 


=R, ,sin@, , + 84, , C08 9,5 


D 


where sin?, =/R,, cos8, = (z- @/R,, sin 6, = 
p/R,, and cos@, = (z— b)/R,. Finally, from (5), the 


nsin@, 


= n |. 
E=+4+—)6,1(t — T,- R,/e 
2 latte T.- Ro/O| Be 


1 — ncos @,) 


general electric field is given by 


| ial Relea — ncos 6,) 


~ 7 (Rig (t — Ty - Ry/¢)/R2- Rya(t — Ty — Ry /e)/R3) 


4n 


nem (—T,~Rg/e 


Ral u(t — T, — #’) cos 8, — R,| - 6,v(t — T, — 0’) sin®, 


I(t’) 
t’ 
4nr ( 


— oO 


{[o(t — T, - t') — R, cos a,|° + mR? sin?) 


(15) 


+ 
4 


nom [ae R,| v(t — T, — t')cos6, — Ry] — 6,v(t — T, — 1’) sin 9, " 
ere oe 
ree t= Ty) ~ R,,cos 0,]° + mR} sin?6,} 
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(x yz) 


Fig. 2. Arbitrarily oriented wire and local coordinate system. 


where the charge q is given by J = dq/ dt. It is interesting 
to note that when uv =e (i.e., the uncoated wire), this 
reduces to 


> n 
B=+— 
4a 


‘ nsin6, 
duit T,- RyIe)| 


R,(1 — ncos 6,) 
F nsin@, 
SO Teo T) R,(1 — ncos 6,) 
b 


ncn 
2 aq (Raat = T, = R,/c)/R; 


-R,q(t Ae R,/c)/R;). (16) 


These results are found to match previously published ex- 
pressions. The 6 components in (16) are those furnished by 
Manneback [9], whereas the radial components match those 
in Schelkunoff [10]. 


JI. FAR-ZONE SPECIALIZATION 


The use of global coordinates in (15) allows the far-zone 
specialization for an arbitrarily oriented wire (Fig. 2). Ne- 
glecting terms that decrease faster than 1/R, and using 
R>L, 0,=0,=2, R,=R,=R, and 6,=6,=9, 
gives 


E(7, t) = (n/4xR)QF(Q)[1(t — T) - R,/c) 
-I(t- T-—L/v-R,/c)] (17) 


where J, is the time at which the current wave enters the 
wire segment, and F(Q) = nsinQ/(1 — ncos Q). Expand- 
ing the current functions in a Taylor series about tf — Ty — 


~ r nsin@, 
E= (9/47) 6,1(t -T,- R,/c) 


rs (ne /4x) Ip[ RyBg/R2 we RB, /R3| 


R,(1 —ncos6,) 
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(x, y,2) 


x 
Fig. 3. 


General-shaped wire with traveling-wave current distribution. 


R/c and using & = Roos Q — QsinQ, it is found that the 
leading terms cancel, whereas the second terms combine to 
give 

E = (up /4x)(L/R)R X (RX a) I(t — Ty — R/c) (18) 


where @ is the unit tangent to the straight wire, and higher- 


order terms can be neglected for a pulsewidth much larger 
than L/v. 


TV. ARBITRARILY SHAPED WIRE 


Treatment of a traveling-wave current distribution on an 
arbitrarily shaped wire (Fig. 3) uses (18) and superposition to 
give 


T(t — w/v - R/c) 
R 


E= (n/4ne) | x Rx du’ (19) 


for a line current along curve I. 


VV. NUMERICAL RESULTS 


The straight wire behavior can be best illustrated through 
numerical examples. The special case of a rectangular pulse 
current waveform yields a closed-form answer for E and is 
used in subsequent examples. Letting /(f) = I,[u(t) — u(t 
— y)} in (15), and using 


0 ift— T,,—- Ry,/c<0 
Bay = Y ify <t- 7, ,-Ra,/¢ 
Po p= By © ify >t-T,,—Ra,/e 
(20) 
leads to 
K nsiné, 
0,1(t — T, — R,/c) 


R,(1 — ncos @,) 
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Fig. 4. Near-zone axial component of electric field in the z = 0 plane due 
to a straight wire on the z axis for a = 0, b = 1m, p = 1m, y = Ins. 
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Fig. 5. Near-zone radial component of electric field in the z = 0 plane due 
to a straight wire on the Z axis for a = 0,b = 1m,p =1m,y7 = I ns. 


the axial field. Thus, when v = c, the charge term in (15) is 
not implicated; the first axial field event exactly duplicates 
the current pulse, as is revealed by (15). This field originates 
when current appears at z = @. The second event seen when 

= c is due to current being absorbed at z = b; both transit 
time L/v and the path length difference from the wire ends 
account for the later starting time. Since both 6 » and R b 
contributions to the field exist, the pulse is not exactly 
duplicated. The slope visible here is due to the charge 
accumulation described in (15). The total accumulation re- 
mains as residual static charge; thus E remains constant and 
nonzero after the second event. 

When v + c, the third term of (15) augments contributions 
from the current waveform; thus, the first event is not an 
exact duplicate of /(¢). This term accumulates; therefore, the 
second event merges into the first but begins later due to the 
greater transit time Z/v. The same residual E results as 
with the v = c case because v does not affect total charge 
accumulation. 

The radial field component (Fig. 5) exhibits similar behav- 
ior. As E, lacks a 6, component, when v =c only the 
charge term contributes to (15); this is the leading edge of the 
field waveform. The constant slope is due to charge accumu- 
lating at z= a. When the current pulse has completely 
passed z = a, a constant field is maintained by accumulated 
charge until the current reaches z = b. Then, both 6 » and 
R, components contribute to Z, and form the second event 
in Fig. 5. A constant residual field remains after the end of 
the second event, which is caused by the total accumulated 
charge at both z = a and z = b. When uv ¥ ¢, the constant 
E produced by charge accumulating at z = a@ is augmented 
by the third term in (15); therefore, the first and second 
events merge. 

Far-zone outcomes are shown in Figs. 6 and 7 for the same 
I(t). Terms in E, vary inversely with distance squared from 
the wire, whereas E, has a term that varies inversely with 
distance; this accounts for the vertical scale difference be- 
tween these two graphs. Each event in the axial field plot 


— (nem? /4r) I){ R, sin70,([ ’R2v cos 6, — R,v?(t — T,)]/A,(t — Ta) 
—|n?R2v cos 0, — Ryv*(t — T, — B,)|/Ag(t — T, — Ba) 
—6,vsin8,([ Rv cos 0,(t — T,) — R3(1 — n’ sin76,)]/A,(t — T,) 
[Rv cos ,(t ~ T, ~ B,) ~ R3(1 ~ n° sin6,)] /A,(1 — 7, ~ 8,))} 
+(nem? /4xr)Ip{R, sin76,([n’R3v cos 6, — Ryv?(t — T;)]/A,(t -— T;) 


—|n?R3v cos 0, — Ryv?(t — T, - B, 


)]/4,(t - T, - 8;)) 


—6,vsin @,([ R,v cos 6,(t — T,) — R3(1 — n? sin?6,)]/A,(t — T,) 
—|R,v cos 6,(t — T, — By) — R3(1 — n? sin2,)]/A,(¢ — T, — 8,))} 


where 


1/2 
A, o(t) = mu? R?2 , sin’ 6, {Lut — Rap COs 6,5] + R28’ 0,5} 


Figs. 4 and 5 show the near-zone axial (,) and radial 
(E,) components of £(z = 0, ¢) caused by a straight wire on 
the z axis, computed using (21) with pulse duration y = 1 ns 
(which is less than the wave transit time L/v along the 
wire). In this case, there is no R ,-component contribution to 


(22) 


corresponds to the current wave passing a wire end and 
replicates J(t). Due to decay of inverse-square terms, no 
residual field appears. The amplitude difference between the 
cases v = c and v # ¢ is given by the ratio n = u/c in (15). 

The radial field is quite similar to its near-zone counter- 
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Fig. 6. Far-zone axial component of electric field in the z = 0 plane due to 
a straight wire on the z axis for a = 0, b = 1m, p = 100m, y = I ns. 
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Fig. 7. Far-zone radial component of electric field in the z = 0 plane due 
to a straight wire on the z axis for a = 0, b = 1m, p = 100m,y = I ns. 


part. However, the effect of the accumulating term in (15) is 
reduced, and the two events are separate. It is interesting to 
note the absence of a residual field after the second event; 
radial component cancellation in the far-zone static fields is 
responsible. 


VI. EXPERIMENTAL RESULTS 


To verify the theory presented above, an experiment was 
performed using a straight-wire transmitting antenna located 
above a 20 x 32-ft aluminum ground plane. The antenna was 
fabricated as an extension of the center conductor of a 50 Q 
coaxial cable with the outer conductor contacting the ground 
plane. The antenna was fed by a Picosecond Pulse Labs 
model 1000B-01 pulse generator, providing quasirectangular 
pulses of l-ns duration and amplitude 40 V (Fig. 8). The 
radiated waveform was then measured using a 2.4-cm 
monopole probe coupled to a Tektronix 7854 waveform 
processing oscilloscope via S2 sampling heads (75-ps rise- 
time). Proper timing was accomplished using the variable 
trigger delay internal to the pulse generator. One hundred 
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Fig. 8. Experimental current pulse waveform. 
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Fig. 9. Near-zone axial field (measured and theoretical) for 63.5 cm 


uninsulated wire measured at p = 2.49 m, z = 0. 


waveforms were measured during each experiment and aver- 
aged in real time, using a pulse repetition rate of 1000 kHz, 
and transferred via a general-purpose-interface bus to an IBM 
PC microcomputer for analysis and plotting (see [12] for a 
complete schematic of the experimental setup). 

The feeding mechanism used in the experiment provides a 
useful means for testing the theory presented in this paper. 
Since the current waveform appears instantaneously from the 
coaxial aperture onto the wire, (1) is an appropriate model as 
long as the current induced on the ground plane is replaced 
by a downward traveling current wave using the method of 
images. Similarly, when the current wave reaches the end of 
the wire, it is instantaneously reflected back toward the feed 
and thus can be decomposed into an upward traveling wave 
disappearing at the top of the wire and a downward traveling 
wave arising from the same point. Thus, the current distribu- 
tion on the wire can be represented as a superposition of 
distributions of the form (1). 

Figure 9 shows the near-zone axial field measured by the _ 
monopole for an uninsulated transmitting antenna of length 
63.5 cm. Because the short probe acts as a differentiator, the 
waveform in Fig. 9 is actually the time derivative of E,. The 
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Fig. 10. Near-zone axial field (measured and theoretical) for 63.5 cm 
insulated wire measured at p = 2.49 m, z = 0. 


first event originates when current is introduced at the wire 
bottom and replicates the current pulse derivative. The sec- 
ond event is produced by current reflecting from the wire 
end. The reflection coefficient is seen to be negative; there- 
fore, the fields induced by the wire and its image add. When 
the reflected current wave returns to the feed point, it is 
re-reflected but with a positive coefficient. In this case, the 
wire and image fields cancel; only a small event is seen. The 
third event is created by the second reflection from the wire 
end. The significant difference between field amplitudes gen- 
erated by the first and second reflections is due to radiation 
loss. These results are quite similar to those observed by 
Schmitt et al. [13], using a similar experimental setup. 

The dotted line shown in Fig. 9 represents the time deriva- 
tive of theoretical EZ, computed using (15). Here, J(f) is the 
pulse shown in Fig. 8, whereas the propagation velocity is 
found experimentally to be v = 0.992 c. The theoretical 
curve is developed by superimposing straight-wire solutions 
with current and wave directions chosen to match the multi- 
ple reflections of the antenna/image system. The reflection 
coefficient at the antenna end is taken to be —1 for the first 
reflection and 0 for the second reflection; at the feed, +1 is 
used. The theory agrees quite well with experiment. 

Similar results are shown in Fig. 10 for an insulated wire 
transmitting antenna. Here, the reflections occur at later 
times than with the uninsulated wire; thus, v < c. The dotted 
line in Fig. 10 shows the theoretical curve corresponding to 
v = 0.931 c. Again, good agreement is attained. 


VI. A Directive Time-DoMaIN ANTENNA 


As an example of radiation by a curved wire, consider the 
proposed directive time-domain antenna shown in Fig. 11. 
Here, a two-wire transmission line is perturbed in the x — y 
plane according to the equation 

= +/A[1 - cos (24x/I)| 


(23) 


where / is antenna length along the x direction. The antenna 


current pulse 
waveform 


re ; 1(t) 
Raised-cosine time-domain antenna and circumferential compo- 
nent of its far-zone field in the z = 0 plane. 


Fig. 11. 


Fig. 12. 
function of azimuth angle for (left) A = 0.12 and (right) 7,, = 0.2. 


Energy in the waveform radiated by the raised-cosine antenna as a 


is excited by a transmission line current pulse 
I(t) = 7?[e-8 — e-7] 
traveling with v = c along the wire, where 


7 = (2t/T,)(c/!) (25) 
with 7, 


> tepresenting a selectable normalized pulse width. 

Figure 11 also shows the circumferential (¢) component of 
the far-zone field in the x-y plane as a function of azimuth 
angle @, calculated using (19). The antenna radiates most 
strongly along @ = 0°. It is found that the combination of 
A = 0.12 and T, = 0.2 provides optimum directionality of 
energy in the radiated waveform. This is seen in Fig. 12, 
which shows the radiated waveform energy for various 
choices of antenna width A and pulse width 7,. When A is 
decreased from 0.12, the main lobe width decreases, but the 
sidelobe near ¢ = 50° increases substantially. When A is 
increased from 0.12, main lobe width increases dramatically. 
If 7,, is made smaller than 0.1, both main lobe width and 
sidelobe height increase. If 7), is made larger, a significant 


(24) 
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sidelobe develops, which also produces large amounts of 
radiation along the backward direction. 

This type of directive time-domain antenna has two impor- 
tant benefits over more typical antennas. First, since the 
antenna is nonresonant (i.e., the far-end reflection is removed 
to any desired distance by adding transmission line), it radi- 
ates wide-band waveforms. Second, the smooth wire shape 
limits current waveform dispersion to that produced by radia- 


tion with minimal continuous reflection along the curved path 
[14]. 


VII. ConcLusion 


This paper presents a time-domain theory for the transient 
fields produced by a general traveling-wave current on a 
straight wire antenna. A closed-form solution for a rectangu- 
lar-pulse current waveform is revealed; numerical results 
from this permit the investigation of the differences between 
near versus far zones and coated versus uncoated wires. 
Experimental findings for both coated and uncoated wires 
show good agreement with theory. 

The results are also used to reach an expression for the 
far-zone field of a general curved wire; this facilitates investi- 
gation of radiation from a proposed narrowbeam transient 
antenna. It is shown that for properly chosen pulse width, the 
antenna can be made quite directive. 
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